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ABSTRACT
The structure of ethylene is simple, yet its biological effects are significant. When
considering its role in biology it is almost exclusively regarded as a plant hormone.
Research on ethylene from plants was progressed by several advancements in analytical
instrumentation, from its discovery to elucidation of its signaling pathway. There is
currently limited understanding of ethylene’s role in mammals, but evidence suggests that
it may be a biomarker for oxidative stress! Additional tools and technology are crucial to
study this surprising and important signaling role in mammals. Our group has developed
molecular ethylene probes as a strategy to detect ethylene at the cellular level. The first
chapter of this thesis will give a brief history of ethylene’s role in biology, methods of
ethylene detection, and molecular approaches to detect ethylene. The second chapter will
describe our work to develop organometallic probes tailored for applications in mammalian
ethylene detection, specifically localization to membrane-rich regions to increase
sensitivity.

ii

ACKNOWLEDGEMENTS
The research in this thesis could not have been completed without the support of
various people in my life. Firstly, I would like to thank Dr. Brian Michel for giving me the
opportunity to work on my own project that has cultivated my passion for science. He has
allowed me to be independent while teaching and pushing me in the right direction. I truly
believe that I have learned to be a great scientist through my experience in his lab.
I would also like to thank my peers at the University of Denver for being both great
colleagues and friends. From bouncing off research ideas to venting during coffee runs, I
am grateful for their unwavering support and friendship. Specifically, thank you to Andrés
Muñoz, Mitchell Ellinwood, Samir Rezgui, Nick Stillman, Alex Volkova, and Maxwell
Freeman. I also greatly appreciate the invaluable help I’ve received with my research from
other University of Denver faculty and students, especially the Knowles Group.
Additionally, I need to thank my family. Thank you to my dad for inspiring me to
work to serve others in all aspects of my life including my career, and thank you to my
mom for carrying on that legacy and setting me up to have the best opportunities that got
me to this point. I wouldn’t be who I am and where I am without them. Lastly, thank you
to my husband, Jordan, for always supporting me—a lot of the times from hundreds of
miles away. He never doubted my capabilities.

iii

TABLE OF CONTENTS
ABSTRACT........................................................................................................................ ii
ACKNOWLEDGEMENTS ............................................................................................... iii
TABLE OF CONTENTS ................................................................................................... iv
ABBREVIATIONS .......................................................................................................... vii
1. INTRODUCTION .......................................................................................................... 1
1.1 ETHYLENE IN PLANT BIOLOGY.................................................................. 1
1.2 METHODS OF ETHYLENE DETECTION ...................................................... 3
1.3 ETHYLENE IN MAMMALIAN BIOLOGY .................................................... 6
1.3.1 ETHYLENE STUDIES IN MAMMALS .................................................... 9
1.4 ETHYLENE AND TRANSITION METALS .................................................. 12
1.4.1 TRANSITION METAL APPLICATIONS FOR ETHYLENE
DETECTION ............................................................................................................ 13
1.4.1.1 POLYMERIC APPROACHES .......................................................... 13
1.4.1.2 MICHEL LAB PROBES .................................................................... 15
2. RESEARCH.................................................................................................................. 20
2.1. HYPOTHESIS ................................................................................................. 20
2.1.1 PROBE DESIGN BACKGROUND AND INSPIRATION ...................... 20
2.1.1.1. SUBCELLULAR TARGETING ....................................................... 20
2.1.1.2 ADVANTAGES OF USING THE BODIPY FLUOROPHORE ....... 24
2.1.1.3. APPLICATIONS FOR CHEMICAL BIOLOGY ............................. 27
2.2 STRATEGY ...................................................................................................... 28
2.2.1 INITIAL PROBE DESIGNS ..................................................................... 29
2.2.2. SYMMETRIC PROBE DESIGN: FA-BEP-1010 .................................... 32
2.2.3. ASYMMETRIC PROBE DESIGN .......................................................... 36
2.2.3.1. SULFONATE PROBE ...................................................................... 43
2.2.3.2. FINAL PROBE: FA-BEP-COOH ..................................................... 47
2.3 FUTURE WORK .............................................................................................. 52
2.4 CONCLUSION ................................................................................................. 55
3. EXPERIMENTAL ........................................................................................................ 56
3.1 SYNTHESIS ..................................................................................................... 57
3.2 FLUORIMETRY .............................................................................................. 78
4. REFERENCES ............................................................................................................. 85
5. APPENDIX ................................................................................................................... 96
5.1 SPECTRA ......................................................................................................... 96
iv

TABLE OF FIGURES
Figure 1.1. Biosynthetic pathway of ethylene formation in plants. ................................... 2
Figure 1.2. Structure of 1-methylcylopropene (1-MCP).................................................... 3
Figure 1.3. General lipid peroxidation mechanism for ethylene formation adapted from
Kappus and coworkers.21 .................................................................................................... 8
Figure 1.4. Structure of linolenic acid................................................................................ 9
Figure 1.5. Copper-based Fenton/Haber-Weiss reactions adapted from Kappus et al.21
and Gutteridge et al.25 ....................................................................................................... 10
Figure 1.6. ETR1's binding to ethylene requiring a copper cofactor. .............................. 12
Figure 1.7. Dewar-Chatt-Duncanson bonding model adapted from Hartwig.40 .............. 13
Figure 1.8. Burstyn and coworkers’ Ag+-impregnated PVPK film and its turn-off
fluorescence response upon binding with ethylene.38 ....................................................... 14
Figure 1.9. Esser and Swager's Cu(I)-based polymer and its turn-on fluorescence
response upon binding with ethylene.39 ............................................................................ 14
Figure 1.10. Catalytic cycle of olefin metathesis adapted from Hartwig.40 ..................... 16
Figure 1.11. Structures of the Michel Lab’s ethylene probes BEP-4 and BEP-5.45 ........ 16
Figure 1.12. Mechanism of ethylene detection by probes reported by Toussaint et al.45 17
Figure 1.13. Structures of alkenes used in selectivity experiment by Toussaint et al.45 .. 18
Figure 2.1 Structure of Bi and coworkers' Lysoprobe precursor and LysoProbe I:
lysosomal dyes.50 .............................................................................................................. 21
Figure 2.2. Zhang and coworkers' IMT for increased hydrophobicity of an RNA Gquadruplex probe.52 ........................................................................................................... 22
Figure 2.3. Structure of MitoProbe™ DiIC1(5)—a commercial dye. ............................. 23
Figure 2.4. Structure of phosphatidate with highlighted hydrophilic and hydrophobic
regions. .............................................................................................................................. 23
Figure 2.5. Several of Thermo Fisher Scientific's BODIPY-based lipid analogs for cell
membrane labeling. ........................................................................................................... 24
Figure 2.6 TmTn oligothiophene BODIPY dyes reported by Poirel, De Nicola, and
Ziessel.64............................................................................................................................ 25
Figure 2.7. BODIPY-based pH chemosensor reported by Kollmannsberger and
coworkers.65 ...................................................................................................................... 26
Figure 2.8. BODIPY-based dsDNA probe with turn-off fluorescence response reported
by Rostron et al.66 ............................................................................................................. 27
Figure 2.9. Potential diversification points of BODIPY’s structure with resultant
advantages. ........................................................................................................................ 27
Figure 2.10. General structural design of a lipophilic ethylene probe localized to a lipid
bilayer. .............................................................................................................................. 29
Figure 2.11. Starting target structures of lipophilic ethylene probes. .............................. 30
Figure 2.12. Failed Wittig reaction pathway to synthesize target pyrrole. ...................... 31
v

Figure 2.13. Failed HWE and HW reaction pathways to synthesize target ylide. ........... 31
Figure 2.14. Wang and coworkers' C8BCOOH cell membrane probe69 and our
symmetric probe FA-BEP-1010. ...................................................................................... 32
Figure 2.15. Synthetic route for FA-BEP-1010 and SIPr-FA-BEP-1010. ....................... 34
Figure 2.16. Fluorescence turn-on vs. time data of 1 µM FA-BEP-1010 or SIPr-FA-BEP1010 in toluene upon exposure to balloon of ethylene gas compared to controls. ........... 36
Figure 2.17. Synthesis of commercial 4-bromo-2-hydroxybenzaldehyde 7 to acid
chloride 11. ....................................................................................................................... 37
Figure 2.18. Grignard reaction of acid chloride 11 to asymmetric BODIPY "puzzle
piece" 13. .......................................................................................................................... 38
Figure 2.19. Depiction of BODIPY building by "puzzle piece" 13 (pink) and pyrrole
(black). .............................................................................................................................. 38
Figure 2.20. Resonance structures of 2,4-dimethylpyrrole Grignard reagent. ................. 39
Figure 2. 21. Anionic N–H deprotonated pyrrole. Blue: numbering of carbons. Orange:
flow of electron density from inductive effects. ............................................................... 39
Figure 2.22. Attempted pathways for appending carbonyl functional groups to BODIPY.
........................................................................................................................................... 40
Figure 2.23. Reported substituted position on pyrrole for functionalization.72–75 ........... 40
Figure 2.24. Wittig and reduction reactions to form 19 from commercial pyrrole-2carboxaldehyde. ................................................................................................................ 41
Figure 2.25. Synthesis of methyl ester BODIPY 20 and subsequent hydrolysis to yield
carboxylic acid BODIPY 21. ............................................................................................ 42
Figure 2.26. Synthetic route followed for SPG by Pauff and Miller.77............................ 44
Figure 2. 27. Monoalkylation of alkyl halide 26 to form secondary amine 27................. 45
Figure 2.28. Peptide coupling reaction of carboxylic acid BODIPY 21 to secondary
amine 27. ........................................................................................................................... 45
Figure 2.29. Metalation procedure adapted from Toussaint et al.45................................. 46
Figure 2.30. Unfinished hydrolytic deprotection of 29 to yield sulfonate probe 30. ....... 46
Figure 2.31. Structure of final probe FA-BEP-COOH. ................................................... 47
Figure 2.32. Synthesis of secondary amine 32 for peptide coupling and final metalation
to yield probe FA-BEP-COMe. ........................................................................................ 48
Figure 2.33. Basic hydrolysis of FA-B-COMe for FA-B-COOH. Metalation forms FABEP-COOH....................................................................................................................... 49
Figure 2.34. Fluorescence turn-on vs. time data of 1 µM FA-BEP-COMe in toluene upon
exposure to balloon of ethylene gas compared to a control. ............................................. 50
Figure 2.35. Linear fit of quantum yield plot for FA-BEP-COMe in toluene. ................ 50
Figure 2.36. Fluorescence turn-on vs. time data of 1 µM FA-BEP-COOH in toluene
upon exposure to balloon of ethylene gas compared to a control. .................................... 51
Figure 2.37. Linear fit of quantum yield plot for FA-BEP-COOH in toluene. ................ 51
Figure 2.38. A549 cells incubated with FA-BEP-COMe treated with 1 mM ethephon. . 52
Figure 2.39. Reported membrane probes BODIPY FL C1658, C8BCOONa69, F2N12S80,
and BODIPY VoltageFluors81. ......................................................................................... 54
vi

ABBREVIATIONS
ACC

1-aminocyclopropane-1-carboxylic acid

AcOH

acetic acid

ATP

adenosine triphosphate

aq.

aqueous

BDE

bond dissociation energy

BEP

BODIPY ethylene probe

BODIPY

dipyrrometheneboron difluoride

conc.

concentrated

CPB

cardiopulmonary bypass

DCM

dichloromethane

DCD

Dewar-Chatt-Duncanson

DI

deionized

DIPEA

N,N-diisopropylethylamine

DMF

N,N-dimethylformamide

DNA

deoxyribonucleic acid

DMA

N,N-dimethylacetamide

dsDNA

double-stranded DNA

EDC•HCl

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride

Et2O

diethyl ether

EtOAc

ethyl acetate

ETR1

Ethylene Response 1

eq.

equivalents

EWG

electron withdrawing group

FID

flame ionization detector

GC

gas chromatography

h

hour(s)

HOAt

1-hydroxy-7-azabenzotriazole

IR

infrared
vii

LOD

limit of detection

M

molar

MCP

1-methylcyclopropene

MeOH

methanol

min

minute(s)

MMP

mitochondrial membrane potential

MTA

5’-methylthioadenosine

MTR

5’methylthioribose

N2

nitrogen gas

NADPH2

nicotinamide adenine dinucleotide phosphate

n-BuLi

n-butyllithium

OPCAB

off-pump coronary artery bypass surgery

PID

photoionization detector

PUFA

polyunsaturated fatty acid

PVPK

poly(vinyl phenyl ketone)

QY

quantum yield

RBF

round bottom flask

ROS

reactive oxygen species

RT

room temperature

SAM

S-adenosylmethionine

SPG

sulfonate protecting group

SAR

structure-activity relationships

TCD

thermal conductivity detector

THF

tetrahydrofuran

ThT

Thioflavin T

TLC

thin layer chromatography

UV

ultraviolet

viii

1. INTRODUCTION
1.1 ETHYLENE IN PLANT BIOLOGY
Ethylene is primarily known for its ability to initiate ripening in nearby plants.
These effects have been utilized by humans since the Old Testament era, where gatherers
and sellers of figs would gash one to ripen the rest of the basket of fruit.1 In fact, historical
observations of the effects were not attributed to ethylene as the first general concept of
molecules was proposed in the 17th century by Robert Boyle.2 Beginning in 1864,
widespread observations called attention to injured trees that were near leaking gas pipes.
In 1908, Crocker and Knight conducted empirical research to confirm that ethylene was
the sole constituent in illuminating gas responsible for premature death in plants.3 It was
not until 1934 that Gane chemically verified that the gas produced from ripe apples was
indeed ethylene through chemical transformation then melting point comparisons with a
known compound.4 The 1960’s through 1980’s focused on elucidating the biosynthetic
pathway of ethylene production in plants.5 This was made possible by the invention of gas
chromatography (GC) in 1952 which initiated a paradigm shift for ethylene detection.
Equipped now with GC, ethylene researchers quickly switched from empirical
studies to administering hypothesized ethylene precursors to plants and characterizing the
produced gases. Adams and Yang utilized radioactively-labeled precursors to identify
which molecules were converted to ethylene.6,7 Their work to elucidate the conversion of
1

methionine to ethylene by these studies is shown in Figure 1.1. Methionine is activated by
ATP forming S-adenosylmethionine (SAM), which is hydrolyzed into byproducts 5’methylthioadenosine (MTA) and 5-methylthioribose (MTR). The ACC synthase enzyme
converts SAM to 1-aminocyclopropane-1-carboxylic acid (ACC) by a 1,3-elimination, and
ACC is oxidized to form ethylene, CO2, and HCN.

Figure 1.1. Biosynthetic pathway of ethylene formation in plants.

Ethylene research in plant biology is popular due to the drastic effects it can have
on the food and agricultural industries. Understanding when and how ethylene is produced
has led to altered storage and transportation protocols to eliminate negative consequences
of ethylene on unripe fruit.8 Oxygen is required for the conversion of ACC to ethylene
(Figure 1.1) so controlled atmospheres with minimized oxygen are used. Another tactic is
treating fruit with ethylene action inhibitors such as 1-methylcyclopropene (1-MCP). This
ethylene analog (Figure 1.2) competes for the binding site of the ethylene receptor,
inhibiting ethylene’s effects before the fruit is ready to be sold.9

2

Figure 1.2. Structure of 1-methylcylopropene (1-MCP).
It is well studied that ethylene signaling causes fruit ripening and the associated
phenotypic changes, such as brighter colors, softer texture, and increased aroma.10 At later
points in a fruit’s life, ethylene can activate a series of enzymes which cause cell wall
degradation and a decrease in a fruit’s quality (senescence).8 Plants can detect this simple
molecule which triggers important life cycle events—therefore, there must be a
sophisticated detection mechanism.
While recent work has concentrated on observing ethylene from mammalian cells,
much of the work on detection has been developed for monitoring ethylene from plants.
As a result, we will discuss ethylene detection below often in the context of plant systems.
Nevertheless, many of the advantages and limitations of these systems are relevant
regardless of the biological source of ethylene.

1.2 METHODS OF ETHYLENE DETECTION
There are several established methods for detecting ethylene with both research and
commercial applications. As alluded to above, the elucidation of ethylene’s roles in plant
biology was progressed by improved analytical instrumentation. The advent of GC
enhanced ethylene detection in all domains; however, a number of other methods are used,
and each are tailored to its applications (e.g. robustness for reproducibility, lightweight for
field measurements, or highest possible sensitivity for monitoring endogenous ethylene).
While technology has advanced to make ethylene detection more versatile, there are still
3

tradeoffs for each instrument type. Summarizing established approaches, Cristescu and
coworkers describe three methods most commonly used for ethylene detection: GC
detection, electrochemical sensing, and optical detection.11
Following a period of relatively little research on ethylene biology, Burg and
Stolwijk were the first to use GC to detect ethylene in 1959.12 They were limited by thermal
conductivity detectors (TCD) with a limit of detection (LOD) in the range of 10-100
µL L-1. Development of the flame ionization detector (FID) and photoionization detector
(PID) in the early 1960’s improved LODs to tens of nL L-1. Even with this improvement
to GC detection technology, plants typically had to be contained in a sealed chamber for
hours until enough ethylene could accumulate to exceed the LOD. This system caused a
feedback signal as plants were in contact with the ethylene they produced, inducing an
artificial physiological effect.11,13 To alleviate this concern, autosamplers with rotary
valves were developed throughout the 1970’s to constantly remove ethylene from the
system and into the column for detection.11 With various sensitivity and automation
improvements, the robust nature of GC has improved drastically and as such remains
popular in ethylene research. However, the obvious disadvantages include being generally
large and stationary.
Electrochemical sensors are technology that we use daily: temperature sensors and
carbon monoxide detectors are likely the most relevant examples. These devices measure
the change of electrical current, resistance, or capacitance proportional to concentration of
an analyte. Electrochemical sensors have also been developed for specific ethylene
detection. In 1985, Patterson and Weaver reported the first ethylene sensor which used gold
4

electrodes.14 These sensors detect as low as the tens of nL L-1 range and are specific for
ethylene, which makes them comparable to GC in terms of sensitivity. Advantages of these
sensors are that they are lightweight, fast, cheap (~$100-$3,000), and often batterypowered which make them popular for applications like agricultural storage facilities.
Although ethylene LODs are comparable to GC the downside is that the materials degrade
over time and are ultimately exhausted with lifespans of six months to five years.11
While having to trade off the convenience of electrochemical sensors, the
sensitivity of optical detection techniques is the highest out of those discussed (a few pL
L-1).13 In contrast to ethylene’s poor ultraviolet light (UV) absorption, it has a unique
infrared (IR) absorption in the fingerprint region (200–1200 cm-1) that makes photoacoustic
spectroscopy (PAS) the most common optical detection technique for ethylene detection
due to its incredible sensitivity. It works on the basis that as ethylene absorbs an incoming
source of radiation from a laser it is excited to a higher energy level. In the IR range the
relaxation occurs nonradiatively and causes a change in pressure because the volume of the
chamber is constant. These pressure changes induce sound which is detected by a sensitive
microphone and converted to a frequency.11,15 PAS instruments are relatively new and
commercial options are few and expensive, but they offer sensitive, real-time trace ethylene
concentrations in minutes.
As discussed in the next section, it has been shown that ethylene is produced in
mammalian systems using detection by GC and PAS. While we know ethylene is produced,
it is unknown if or what ethylene’s signaling role in mammals is. Further, current methods
cannot monitor ethylene at the cellular level which makes studying ethylene-related
5

phenomena at this level challenging (Table 1.1). While our group has developed small
molecules capable of detecting ethylene under the microscope, sensitivity needs to be
increased to monitor endogenous ethylene production temporally and spatially. Extensive
progress has been made to study ethylene gas as a response to oxidative stress and disease,
but there are still many assumptions for the source of ethylene that need to be validated by
molecular probes.

Table 1.1 Comparison of common ethylene detection methods.

1.3 ETHYLENE IN MAMMALIAN BIOLOGY
It is surprising that simple hydrocarbons, including ethylene, are observed to be
produced from mammalian systems. While this may be in part due to the nonintuitive
effects of these small molecules, a major hurdle in this field has been appropriate
technology to detect ethylene. Like first studies in plants, early empirical research focused
on ethylene’s exogenous effects on mammals. In 1923, Luckhardt and Carter tested and
reported the anesthetic effects of ethylene gas on laboratory animals, human volunteers,
and themselves.16 They hypothesized that ethylene could coordinate to hemoglobin and
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block oxygen binding and transport which would make it rapidly lethal. They bubbled
ethylene gas into blood and noticed no new spectral absorption bands from before the
exposure. Instead, continued experimentation on frogs and humans showed that ethylene
has anesthetic properties from which mammals can recover with “no evil after-effects”.16
Nevertheless, ethylene-oxygen mixtures were never widely adopted as anesthetics due to
flammability and explosivity.
Unlike plants, mammals lack a known biosynthetic pathway for the production of
ethylene.17 However, there are numerous studies which suggest that mammals produce
ethylene from oxidative damage. Reactive oxygen species (ROS) cause over 100 clinical
conditions in humans.18 One known role of ROS is in lipid peroxidation, which is
specifically implicated in inflammation, cancer, and neurodegenerative diseases among
other ailments.19 Lipid peroxidation degrades the structural integrity of the cell membrane
which eventually causes cell death.19 Gaschler and Stockwell describe two mechanisms for
lipid peroxide toxicity to cells. The first is that it weakens the structure and physical
properties of the lipid membrane. Secondly, it causes further generation of ROS or other
reactive compounds that can cause deoxyribonucleic acid (DNA) damage.19
One class of lipids in the cell membrane are polyunsaturated fatty acids (PUFA)
which are plagued by their autoxidation capabilities. Shown in Figure 1.3, a standard sp3
C–H bond has a bond dissociation energy (BDE) of ~100 kcal/mol, while an allylic C–H
bond has a BDE of ~86 kcal/mol.20 A general lipid peroxidation pathway follows in the
figure, where a reactive oxygen species abstracts a hydrogen atom from an allylic carbon
forming a resonance-stabilized radical. Molecular oxygen reacts with this lipid radical, and
7

the peroxy radical breaks down in presence of a metal (Fe2+) forming an alkoxy radical. A
β-scission (1,3-elimination) reaction cleaves a C–C bond to form a lipid aldehyde and alkyl
radical. In this example, β-scission of a propane radical forms ethylene and another alkyl
radical.21 Once becoming peroxidized, PUFAs can propagate countless other radical
reactions with their lipid neighbors.19 These continue to degrade the PUFAs into small
alkanes and alkenes (Figure 1.3).21 These volatile hydrocarbons, of which ethylene is one,
are released in breath after peroxidation of PUFAs in lipid bilayers.22

Figure 1.3. General lipid peroxidation mechanism for ethylene formation adapted from
Kappus and coworkers.21
Analyzing exhaled breath has increasingly become the popular mode of ethylene
detection in mammals, especially in clinical settings.23 Users designate this method as a
noninvasive, real-time in vivo measurement of lipid peroxidation in a mammal.22 In fact,
in the aforementioned work by Luckhardt and Carter they noted observing the smell of
ethylene in their breaths after self-exposure to the gas in 1923.16 The following literature
describes more recent ethylene monitoring studies in mammals.

8

1.3.1 ETHYLENE STUDIES IN MAMMALS
In 1966 Lieberman and Hochstein hypothesized that since ethylene had been
observed to result from peroxidation of linolenic acid (Figure 1.4) in plant cells, lipid
peroxidation could also be a source of ethylene in animal cells.24 To evaluate this, rat liver
microsomes were subjected to nicotinamide adenine dinucleotide phosphate (NADPH2)
and adenosine triphosphate (ATP) in the presence of copper ions to mimic coppercontaining enzymes in a live cell. Cuprous ions (Cu+) catalyze Fenton/Haber-Weiss
reactions (which were originally Fe2+-based) (Figure 1.5).21,25–27 The autoxidation of Cu(I)
forms superoxide radicals which rapidly dismutate into hydrogen peroxide. Cuprous ions
then reduce and decompose hydrogen peroxide into hydroxyl radical (HO•). Ethylene was
not produced from the system unless the copper ions were present. Furthermore, the
addition of the radical scavenger vitamin E suppressed ethylene production which also
supported that ethylene was a result of the induced lipid peroxidation likely via radicalbased ROS.24

Figure 1.4. Structure of linolenic acid.
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Cu+ + O2 → Cu2+ + O2∙−
+
2 O∙−
2 + 2 H → H2 O2 + O2

HOOH + Cu+ + H + → HO ∙ + Cu2+ + H2 O
Figure 1.5. Copper-based Fenton/Haber-Weiss reactions adapted from Kappus et al.21
and Gutteridge et al.25
An in vivo study by Knight and coworkers evaluated ethylene levels in the breath
of rats injected with pure NiCl2 in a vehicle solution.28 Nickel ions likely also catalyze
hydroxyl radical production by the Fenton/Haber-Weiss reaction pathway (Figure 1.5).29
The rats were placed in an airtight chamber wherein a sample of the atmosphere was
regularly withdrawn and monitored by GC. They observed a 2.0 to 3.5-fold increase in
ethylene exhalation from 13 to 23 hours after injection of NiCl2 compared to a control
group.
In human skin, UV light induces cellular ROS production through a variety of
pathways, but one understood mechanism is in the enzyme catalase. Catalase is a heme
enzyme in skin that usually protects the cell from oxidative damage by converting
hydrogen peroxide into oxygen and water. Short wave UV light can alter the hydrogen
peroxide binding site and instead allow water to interact with the ionic heme iron. Water
then acts as a proton source for ROS formation upon interactions with molecular oxygen.30
To study ethylene as a biomarker of UV light-induced lipid peroxidation, Harren et al.
conducted an in vivo study in humans and caused damage to skin with UV light.31 In just a
surprising 2 minutes from the start of exposure to the UV light, ethylene was detected in
the subjects’ breaths and rose in concentration (1.39±0.38 pmol/kg/min to 17.2±7.3
pmol/kg/min) until the exposure ended.
10

Cristescu and coworkers conducted a study which used online ethylene monitoring
of human patients’ breaths undergoing heart surgery.23 These experiments took place from
the start to finish of cardiopulmonary bypasses (CPB) and off-pump coronary artery bypass
surgeries (OPCAB). Oxidative stress occurs during the entire process of surgery.
Diathermy, the process of using heat to create an incision directly into tissue and the first
step in these surgeries, resulted in the highest increase of ethylene in breath from 1.200 to
40.8 ppbv. These events indicated sharp rises in ethylene exhalation any time tissue was
cauterized. Their results elucidated perioperative and postoperative effects of oxidative
stress which can be applied to improve medical procedures.
Although much work has been accomplished in connecting lipid peroxidation to
the formation of ethylene in mammals, there has been limited studies on these systems for
elucidating possible signaling roles of ethylene. Perovic and coworkers reported the first
study of this kind in 2001.32 Treatment of ethylene to both mouse (NIH-3T3 fibroblasts)
and human (HeLa and SaOS-2) cell lines resulted in increased intracellular Ca2+ levels
which were monitored using the fluorescence of a Ca2+ indicator dye. While the mechanism
for this response is still undetermined, Ca2+ upregulation in mammals required a minimal
ethylene concentration of 3.2 µM; plants respond to ethylene concentrations of
approximately 0.65 nM.32 The high threshold in mammalian systems may suggest that
ethylene has only nonspecific effects, but further research is necessary to exclude potential
signaling roles and identify an ethylene receptor in mammals.
The above studies by Lieberman24 and Knight28 used GC for ethylene detection,
and Harren31 and Cristescu23 used PAS. These studies broaden the knowledge on the cause11

and-effect relationship of oxidative stress and ethylene formation in mammalian biology.
The gap still resides in the middle steps: the biosynthetic formation of ethylene. GC and
PAS by design are unable to give spatial information. Further improvements in technology
for molecular detection are key to elucidating ethylene’s role in mammals. The next section
will explore the interaction of ethylene with transition metals and how this concept has
advanced cellular ethylene detection.

1.4 ETHYLENE AND TRANSITION METALS
Research on Arabidopsis thaliana has identified the Ethylene Response 1 (ETR1)
receptor binding to ethylene to initiate its signal transduction pathway (Figure 1.6).33 In
fact, Bleecker and coworkers provide evidence that copper is critical for the function of
ETR1.34 Evolution in plants has exploited the selective nature of the interaction between
transition metals and π-systems which serves as inspiration for new ethylene detection
methods. Inspired by nature and owing to the fact that ethylene is not a relatively strong
nucleophile or electrophile, all molecular strategies for ethylene detection utilize transition
metals.35–39

Figure 1.6. ETR1's binding to ethylene requiring a copper cofactor.
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Ethylene’s interaction with late transition metals can be described using the DewarChatt-Duncanson model (DCD) (Figure 1.7). Through its π-bond, ethylene participates in
both σ-donation and π-backbonding with the metal.40 Ethylene’s π-electrons donate into
the metal’s empty d* orbital, and the metal’s d electrons donate into ethylene’s π* orbital.41
The next section will describe novel ethylene sensors which exploit this selective reactivity
of metals for ethylene.

Figure 1.7. Dewar-Chatt-Duncanson bonding model adapted from Hartwig.40

1.4.1 TRANSITION METAL APPLICATIONS FOR ETHYLENE DETECTION
1.4.1.1 POLYMERIC APPROACHES
Several groups have used ETR1’s properties and the DCD model to inspire designs
for molecular ethylene probes.38,39,42–44 For example, several polymeric sensors have been
developed that use late transition metals. In 2004, Burstyn and coworkers developed a
poly(vinyl phenyl ketone) (PVPK) polymer film impregnated with AgBF4 which decreases
in fluorescence upon binding of the Ag+ ion to ethylene (Figure 1.8).38,42 The fluorescence
decrease was proportional between 20 and 150 Torr of applied ethylene gas and reversible
over many cycles of vacuum. Further analysis of the fluorescence response revealed that
sensitivity of the film is limited because approximately 20% of the binding sites are
13

accessible to ethylene; this is hypothesized to be due to limits of ethylene diffusion but also
heterogeneity of coordination structure within the film.38

Figure 1.8. Burstyn and coworkers’ Ag+-impregnated PVPK film and its turn-off
fluorescence response upon binding with ethylene.38
Later, Esser and Swager reported another polymer-based sensor but instead
designed a fluorescence turn-on response to ethylene.39 The interaction of coordinated
copper(I) complexes to alkynes in the polymer quench the polymer’s fluorescence. Upon
addition of ethylene gas to the system, Cu(I) binds stronger to ethylene (more favorable by
14.8 kcal mol-1) and decomplexation results in restored fluorescence from the polymer
(Figure 1.9). This system was shown to be effective in both solution and thin films,
reaching sensitivities in the micromolar range and 1000 ppm, respectively.

Figure 1.9. Esser and Swager's Cu(I)-based polymer and its turn-on fluorescence
response upon binding with ethylene.39
Both reports by Burstyn and coworkers38 and Esser and Swager39 use binding of
the metal to a π-system then interruption by stronger binding to ethylene which initiates a
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turn-off or turn-on fluorescence response. While these advances monitor discrete binding
events unlike GC, a small molecule probe has the potential to provide spatial information
inside of the cell.

1.4.1.2 MICHEL LAB PROBES
In 2018, the Michel Lab developed the first small molecule ethylene probes that
could be applied in biological systems by employing olefin metathesis: a metal-required
transformation involving redistribution of alkene fragments. The generally accepted
mechanism for this transformation is described in the catalytic cycle shown in Figure 1.10.
This specific example shows a sub-type of olefin metathesis known as cross metathesis
which exchanges partners on two different alkenes. Starting from A, dissociation of a
ligand opens a coordination site on the metal indicated by the open box in B. An incoming
alkene coordinates (through DCD interactions) with this open site and cycloreversion of C
occurs to generate a new alkene and another species of a metal-carbon double bond D. A
subsequent process of [2+2] cycloadditions and cycloreversions occurs D → E → B until
two new alkenes are formed.
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Figure 1.10. Catalytic cycle of olefin metathesis adapted from Hartwig.40
The Michel Lab reported two small molecule probes capable of detecting
exogenous ethylene in live cells: BEP-4 and BEP-5 (Figure 1.11).45 Specifically, these
probes can be categorized as chemodosimeters, which are molecules that undergo a
chemical reaction in response to an analyte and induce an observable or measurable
response. For these BODIPY Ethylene Probes (BEPs) the chemical reaction results in a
quantifiable fluorescent turn-on response by metal displacement from a cross metathesis
reaction with ethylene.

Figure 1.11. Structures of the Michel Lab’s ethylene probes BEP-4 and BEP-5.45
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BEP-4 and BEP-5 consist of two important scaffolds: the 2nd-generation HoveydaGrubbs catalyst4 moiety and the dipyrrometheneboron difluoride (BODIPY) fluorophore.
The Hoveyda-Grubbs catalyst moiety has two important roles in the probes’ structures. The
first is that it supplies the metal for the olefin metathesis reaction with ethylene. The second
is that the heavy ruthenium atom quenches the fluorescence of the BODIPY through the
heavy atom effect.46 Upon cross metathesis of BEP-4 or BEP-5 with ethylene, the metal
is expelled from the BODIPY B-4, restoring the fluorescence and “turning on” the probe
(Figure 1.12).

Figure 1.12. Mechanism of ethylene detection by probes reported by Toussaint et al.45
Metals and olefins have variable reactivities dependent upon the properties of the
olefin. Grubbs and coworkers categorize alkenes into four types, with type I being
minimally substituted electron rich alkenes that rapidly react in cross metathesis (ethylene),
to type IV being inactive.47 BEP-4 and BEP-5 were evaluated for their selectivity to
ethylene by exposure to other types of biologically relevant alkenes: allyl alcohol,
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isoprenol, prenol, limonene, and oleic acid (Figure 1.13). The probes had negligible
fluorescence turn-on responses to all alcohols except for the type I olefin allyl alcohol.45

Figure 1.13. Structures of alkenes used in selectivity experiment by Toussaint et al.45
The probes have demonstrated response to exogenous ethylene in vitro and in vivo.
The calculated quantum yield (QY) of BEP-4 is Φ = 0.002, while its olefin metathesis
BODIPY product B-4 has a QY of Φ = 0.24. When dissolved in toluene and exposed to a
balloon of ethylene gas, BEP-4 has a 113-fold turn-on at t = 12 h from its t = 0 min
fluorescence spectrum.45 For in vivo studies in HEK293T cells, the probes were subjected
to ethylene gas captured from a ripe banana and mango. BEP-4 showed a 61% fluorescence
increase compared to a control sample. In PC12 cells BEP-4 showed a 14-22%
fluorescence increase when subjected to ethephon ((2-chloroethyl)phosphonic acid): a
commercial agricultural chemical which hydrolyzes into ethylene to ripen fruit. To
evaluate LOD, BEP-4 was dissolved using toluene in a gas-tight cuvette wherein variable
amounts of ethylene (5 to 500 µL) were injected into the headspace and the fluorescence
intensity was monitored. The LOD was calculated to be 13 ppm.
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The Michel Lab is currently studying structure-activity relationships (SAR) to
increase sensitivity of its ethylene probes, which is crucial to detect endogenous ethylene.
BEP-4 and BEP-5 have LODs of 9 and 13 ppm in organic solvent, respectively. Although
the maximum fluorescence turn-on of BEP-4 is excellent (113-fold), these probes have a
slow but considerable background turn-on in control samples limiting the sensitivity. The
LOD is dependent on the signal-to-noise ratio, therefore increasing the signal and/or
lowering the background noise would lower the LOD. For effective application in a cellular
environment, lipophilic probes are being explored to increase sensitivity of ethylene
detection.

19

2. RESEARCH
2.1. HYPOTHESIS
The goal of the work in this thesis is to improve upon previously reported probes from
the Michel Lab for the cellular detection of ethylene. We hypothesize that localizing our
probe to membrane-rich regions of the cell will lead to enhanced sensitivity for ethylene
detection. Four primary pieces of evidence support our hypothesis: 1) Ethylene is a result
of lipid peroxidation; the local concentration of ethylene should be higher in the lipid
bilayer than the cytosolic regions. 2) Ethylene’s lipophilicity should result in preferential
partitioning from the cytosol to the lipid bilayer. 3) The receptor responsible for binding
ethylene in Arabidopsis, ETR1, lies in the membrane-rich endoplasmic reticulum48, which
further suggests that ethylene localizes to membranes. 4) Membranes are simpler
environments than the cytosol; membrane localization of the probe may reduce background
turn-on. The following outlines our efforts to design and synthesize an ethylene probe that
will localize to membranes.

2.1.1 PROBE DESIGN BACKGROUND AND INSPIRATION
2.1.1.1. SUBCELLULAR TARGETING
For effective application in a cellular environment, subcellular targeting is being
explored to increase sensitivity of ethylene detection. Subcellular targeting uses structural
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modifications to localize a molecule within specific organelles. Organic chemistry is
employed to design and synthesize these molecules with the goal of achieving a desired
effect in a biological system. Below we will describe how lysosomes, nuclei, mitochondria,
and cell membranes have been successfully targeted with this approach.
Lysosomes house hydrolytic enzymes which require acidic pH for optimal
activity49, therefore designs of labeling compounds append weakly basic amines to remain
neutral until reaching an acidic organelle such as a lysosome (neutrality aids cell
permeability). Bi and coworkers developed rhodamine-based fluorescent probes for
lysosomal labeling and tracking which fluoresce when protonated in acidic environments
(Figure 2.1)50 Using colocalization studies, they determined that the LysoProbe precursor
was not specific for targeting lysosomes and rapidly leaked if the probe did accumulate
there. For increased lysosomal specificity, they added N-linked glycans (LysoProbe I)
which mimic the sugars in lysosomal membrane proteins.50 With this structural change
they observed that LysoProbe I was retained in lysosomes for long periods of time after
loading of the probe.

Figure 2.1 Structure of Bi and coworkers' Lysoprobe precursor and LysoProbe I:
lysosomal dyes.50
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Thioflavin T (ThT), among other biochemical uses, is a fluorescent probe that
selectively binds to RNA G-quadruplexes in vitro.51 Upon intercalation, an increase in
fluorescence is observed due to restriction of bond rotation and increase of planarity of the
molecule. The probe IMT was developed by Zhang and coworkers as a derivative of ThT
for improved nucleus localization in vivo (Figure 2.2).52 Changing the N-methyl group to
N-isopropyl increases the hydrophobicity of the molecule to help cross several lipid
bilayers to reach the target nucleic acid. As demonstrated, small structural changes can lead
to relatively large effects in biological systems.

Figure 2.2. Zhang and coworkers' IMT for increased hydrophobicity of an RNA Gquadruplex probe.52
From symbiogenetic origins, mitochondria have evolved to contain two lipid
bilayers as membranes.49,53,54 The mitochondrial membrane potential (MMP) is negative,
which requires probes to be both cationic and hydrophobic for membrane permeability.
One commercial dye is MitoProbe™ DiIC1(5) (Figure 2.3), which utilizes this active
membrane potential for localization within a mitochondrion.55 Upon cell death, the MMP
is lost and the dyes can leak out into the cytoplasm which is then used for differentiating
live and dead cells.56
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Figure 2.3. Structure of MitoProbe™ DiIC1(5)—a commercial dye.
As demonstrated, structural differences in probes can be optimized for specific
membrane constituents of organelles. Cell membranes, or plasma membranes, consist of a
wide range of lipids which form its lipid bilayer, but phospholipids make up a large portion.
Phosphatidate represents the backbone moiety of phospholipids (Figure 2.4). The
hydrophilic heads consist of phosphate, which is esterified to several different alcohols in
nature.57 The hydrophobic tails are esterified fatty acid derivatives varying in carbon chain
length and unsaturation.

Figure 2.4. Structure of phosphatidate with highlighted hydrophilic and hydrophobic
regions.
There are many sources of commercial membrane probes, and Thermo Fisher
Scientific has a complete catalog of BODIPY-based fluorophores which mimic fatty acids
in their structures (Figure 2.5).58 The nonpolar BODIPY, and usually a long alkyl chain,
supplies the hydrophobic tail and a polar functional group acts as the hydrophilic head.
Thermo Fisher Scientific sells derivatives with changes in the alkyl chain length, which
23

upon incorporation within the cell membrane have been shown to be buried at different
depths.59 Unfortunately, the synthetic use of this class of compounds for consumers is
limited due to the unpublished synthetic routes and the high prices for small amounts of
material (e.g. 1 mg of BODIPY® FL C16 costs $140.0060).

Figure 2.5. Several of Thermo Fisher Scientific's BODIPY-based lipid analogs for cell
membrane labeling.

2.1.1.2 ADVANTAGES OF USING THE BODIPY FLUOROPHORE
There are many advantages to BODIPY-based probes: excellent photochemical
properties59,61 , appropriate for confocal fluorescence microscopy62,63, and synthetically
amenable to derivatization. BODIPYs are well-known for their strong photon absorption,
high quantum yield, and high photostability compared to other common fluorophores.61
These optical properties make them applicable to quantitative analysis using fluorescence
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microscopy. Facile synthesis of derivatives increases their applicability for a wide range of
in vitro and in vivo experiments which rely on fluorescence detection.
Diversification of the BODIPY structure has numerous advantages for chemical
biology. Its photochemical properties can be altered or enhanced by adding substituents.
Appending conjugated substituents allows for tuning the emission wavelength or altering
the quantum yield. Poirel, De Nicola, and Ziessel report TmTn, a series of oligothiophene
BODIPYs with predictable bathochromic shifts (Figure 2.6).64 Comparing T1T1 to T2T3
resulted in an 180 nm absorption shift and 122 nm emission shift.

Figure 2.6 TmTn oligothiophene BODIPY dyes reported by Poirel, De Nicola, and
Ziessel.64
Ease of BODIPY synthesis and derivatization allows for subcellular targeting
through structural alterations. BODIPYs have been functionalized at every position for a
variety of biological applications. Kollmannsberger and coworkers developed a pH
chemosensor which emits negligible fluorescence until protonated in higher pH
environments (Figure 2.7).65 In its neutral form, there likely exists a donor-acceptor
relationship between the dimethylamino and BODIPY moieties, respectively. Upon
protonation fluorescence quenching no longer occurs, initiating a turn-on response.
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Figure 2.7. BODIPY-based pH chemosensor reported by Kollmannsberger and
coworkers.65
For in vitro experiments Rostron et al. developed a BODIPY-based dsDNA
(double-stranded DNA) probe with a turn-off fluorescence response (Figure 2.8).66 While
unbound to dsDNA the probe exhibits high quantum yield in methanol: Φ = 0.90. The
molar extinction coefficient of BODIPY absorption was measured as 73,000 M-1 cm-1.
Experiments showed a positive correlation between increasing dsDNA concentration and
fluorescence quenching of the probe. The hydrophobic pyrene unit is presumably
responsible for the interaction between the major groove of dsDNA, but the binding mode
is not yet understood. However, in the unquenched state it was found that the high pyrene
absorption energy is efficiently transferred to the BODIPY moiety, increasing the
excitation and fluorescence maxima energy gap to 10,900 cm-1.
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Figure 2.8. BODIPY-based dsDNA probe with turn-off fluorescence response reported
by Rostron et al.66
There is no shortage of BODIPY-based fluorophores functionalized for biological
systems. The combination of the BODIPY scaffold’s versatility and exceptional
photochemical properties make it an optimal dye for applications in chemical biology, and
especially for subcellular targeting (Figure 2.9).

Figure 2.9. Potential diversification points of BODIPY’s structure with resultant
advantages.

2.1.1.3. APPLICATIONS FOR CHEMICAL BIOLOGY
The development of organometallic probes expands the bioorthogonal toolkit with
use of transition metal-mediated reactions in subcellular reaction space. Organometallic
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complexes at first glance seem unsuitable for the cellular environment, but the emerging
field of biorthogonal chemistry has shown they are selective, specific, and extremely useful
for their unique reaction capabilities. Streu and Meggers67 reported a Ru-based catalyst
which cleaves allylcarbamates from amines in living cells. Organometallic catalysts often
are subject to poisoning from in vivo conditions, such as a combination of air, water, thiols,
and in general protic and aerobic conditions.67 However, their catalyst in a flask withstood
these conditions vs. an argon atmosphere without significant decreases in yield (96% vs.
89%). It also was able to permeate the cell membrane and induce fluorescence of cleaved
amine products. This early work showed that important biological activity information can
be elucidated by transition metal catalysis within the cell. The work in this thesis aims to
progress chemical biology through further development of organometallic probes for
ethylene detection.

2.2 STRATEGY
Simply, our strategy is to design a probe that will localize to cell membranes. We
aimed to achieve this by incorporating a fatty acid constituent into the probe design. This
design was inspired by a variety of fluorophores which localize to membranes by utilizing
both a long hydrophobic tail and a hydrophilic head (fatty acid). Shown in Figure 2.10,
incorporation of this fatty acid moiety should allow the polar group to anchor to the exterior
of the membrane, while the alkyl chain interacts with the interior lipid tails.
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Figure 2.10. General structural design of a lipophilic ethylene probe localized to a lipid
bilayer.

2.2.1 INITIAL PROBE DESIGNS
The original probe designs for this project (Figure 2.11) (1a-1c) modeled
commercially available membrane probes. The high costs of these probes make them
impractical synthons for this project, so we devised our own synthesis of the asymmetric
BODIPY moieties. Our tactic was to append each pyrrole with the corresponding
substituents before assembling an asymmetric BODIPY and attaching our ethylene
detection unit (1).
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Figure 2.11. Starting target structures of lipophilic ethylene probes.
Attempts towards synthesis of 1a failed using Wittig or Horner-WadsworthEmmons reactions (Figure 2.12). Wittig reactions form carbon-carbon double bonds from
carbonyl compounds and phosphorus ylides.68 To form a phosphorus ylide,
triphenylphosphine substitutes onto an alkyl halide to form a phosphonium salt, then base
deprotonates the adjacent carbon forming phosphorane (pentavalent phosphorus). Wittigs
are most successful with a “stabilized” ylide: when the deprotonated carbon is adjacent to
an electron withdrawing group (EWG) which stabilizes the negative charge.68 In the case
of our route, the ylide is adjacent to an alkyl group. Up to 3 equivalents of various bulky
bases failed to form the required ylide.
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Figure 2.12. Failed Wittig reaction pathway to synthesize target pyrrole.
Horner-Wadsworth-Emmons olefinations (HWE) or Horner-Wittig olefinations
(HW) employ a carbanion like Wittig reactions but use phosphonates or diphenyl
phosphine oxides instead, respectively (Figure 2.13). This adds stability to unstabilized
ylides as the phosphine oxide groups can withdraw electron density from the carbanion.
Nevertheless, these compounds also failed to produce the ylide.

Figure 2.13. Failed HWE and HW reaction pathways to synthesize target ylide.
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2.2.2. SYMMETRIC PROBE DESIGN: FA-BEP-1010
The next iteration of probe synthesis followed a symmetric design, FA-BEP-1010,
adapted from a fluorescent surfactant developed for cell membrane imaging by Wang and
coworkers, C8BCOOH (Figure 2.14).69 A variety of reasons made this a promising design.
The synthesis of symmetric BODIPYs is simpler and more established in literature than
asymmetric routes, and C8BCOOH was shown to localize to cell membranes by
mimicking a fatty acid in its structure.69

Figure 2.14. Wang and coworkers' C8BCOOH cell membrane probe69 and our
symmetric probe FA-BEP-1010.
The completed synthesis of FA-BEP-1010 and its derivative SIPr-FA-BEP-1010
is depicted in Figure 2.15. Pyrrole 2 is acylated with decanoyl chloride and zinc is used as
a Lewis acid for removing chloride ions from the solution. Activating zinc metal with
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several solvent washing steps was crucial for the reaction’s success. The ketone 3 is
reduced with sodium borohydride, giving a 10-carbon alkyl chain on pyrrole 4. Popular
BODIPY synthesis conditions with 2 equivalents of 4 and aldehyde 5 yields BODIPY 6,
and subsequent metalation with a Hoveyda-Grubbs 2nd generation catalyst yields FA-BEP1010 and SIPr-FA-BEP-1010.
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Figure 2.15. Synthetic route for FA-BEP-1010 and SIPr-FA-BEP-1010.
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FA-BEP-1010 and SIPr-FA-BEP-1010 were the first working ethylene probes
developed in this project. However, they lacked the polar functional group for a fatty acid
mimetic. After initial in vitro experiments it quickly became evident that these probes
would not serve as an improved BEP-4. Following experiments by Wang and coworkers,
while C8BCOOH fluoresced in aqueous buffer solution69 FA-BEP-1010 failed to produce
a fluorescence signal. This indicated that our probe was insoluble in aqueous solutions
likely due to the lipophilicity of the molecule. To increase solubility, we attempted to
incorporate the probe into liposomes but did not observe a turn-on fluorescence response
to samples subjected to a balloon of ethylene. This suggests that the probe is aggregating
before incorporation, which causes quenching of fluorescence, or is being encapsulated by
the lipids and shielded from reacting with ethylene. Additionally, in vitro monitoring of
fluorescence turn-on over time were conducted with published experimental conditions for
BEP-4 and data is shown in Figure 2.16. Probes dissolved in toluene are subjected to a
balloon of ethylene gas and their fluorescence spectra are integrated and compared to a
control. The maximum fluorescence turn-on of BEP-4 reaches 113-fold, while FA-BEP1010 and SIPr-FA-BEP-1010 show turn-ons of only 5-fold and 10-fold, respectively.
Accompanied by poor spectroscopic properties, we determined that these probes were too
lipophilic and that a polar group was necessary to achieve fatty acid-like properties.
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Figure 2.16. Fluorescence turn-on vs. time data of 1 µM FA-BEP-1010 or SIPr-FABEP-1010 in toluene upon exposure to balloon of ethylene gas compared to controls.

2.2.3. ASYMMETRIC PROBE DESIGN
We then focused on developing an asymmetric BODIPY as an attempt to reduce
the lipophilicity of our probe. The general synthetic route 7 to 11 is used for the remaining
probes discussed in this project. Figure 2.17 shows the alkylation and Wittig reactions (7
to 9) reported by the Michel Lab45. Next, a lithium-halogen exchange using n-butyllithium
and quenching with carbon dioxide from dry ice gave the carboxylic acid 10. It was
converted to the acid chloride 11 with oxalyl chloride and catalytic N,Ndimethylformamide. Facile rotary evaporation of oxalyl chloride prepares the acid chloride
for use in the next reaction without further purification.
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Figure 2.17. Synthesis of commercial 4-bromo-2-hydroxybenzaldehyde 7 to acid
chloride 11.
The reaction yielding the asymmetric BODIPY “puzzle piece” 11 is the first
convergent point in this synthesis (Figure 2.18). 11 is the asymmetric structural building
block of 1st generation Michel Lab BODIPYs (Figure 2.19). Several reaction types were
attempted before determining that a pyrrole Grignard reagent was necessary for specific
acylation of the 2-position upon reaction with an acid chloride. N-metalation eliminates the
need for a protected pyrrole while activating a nucleophilic 2-position (Figure 2.20).
Deprotonation of N–H with the alkyl group of an alkyl magnesium halide forms resonancestabilized carbanions at pyrrole carbons 2–5 (Figure 2.20, Figure 2.21). Compared to
carbanions at the 3–5 carbons, the 2-position is stabilized by inductive effects from the
electron withdrawing nitrogen atom.70 In comparison, a carbanion at the 4-position is more
reactive due to electron donating methyl groups. Steric hindrance and high reactivity likely
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make the 4-position more prone to simpler acid-base reaction pathways, such as hydrogen
abstraction from solution, than nucleophilic attack of a more complicated acid chloride.
Tahtaoui and coworkers71 reported synthesis of a 2-ketopyrrole from a Grignard reaction
which was applied to our compounds. Methylmagnesium iodide produced the highest yield
(47%) out of several commercial alkyl magnesium halides (EtMgBr and MeMgBr).

Figure 2.18. Grignard reaction of acid chloride 11 to asymmetric BODIPY "puzzle
piece" 13.

Figure 2.19. Depiction of BODIPY building by "puzzle piece" 13 (pink) and pyrrole
(black).
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Figure 2.20. Resonance structures of 2,4-dimethylpyrrole Grignard reagent.

Figure 2.21. Anionic N–H deprotonated pyrrole. Blue: numbering of carbons. Orange:
flow of electron density from inductive effects.
It is important to note that pyrroles 14 and 15 were attempted with typical BODIPY
reaction conditions to form 16 (Figure 2.22). Neither carboxylic acid 14 or methyl ester 15
formed the desired structure. Depicted in Figure 2.23, several groups report synthetic
functionalization at the third carbon from the pyrrole while being unsubstituted at all other
positions.72–75 It is likely that further substitution disturbs the electronics of the pyrrole for
the forming of BODIPY. We continued synthesis of probes following this new substitution
pattern.
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Figure 2.22. Attempted pathways for appending carbonyl functional groups to BODIPY.

Figure 2.23. Reported substituted position on pyrrole for functionalization.72–75
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Krajcovicova and coworkers73 reported a route for large-scale asymmetric
BODIPY synthesis which was followed for our route (Figure 2.24). Pyrrole 19 is the
second pyrrole of the BODIPY scaffold in our compounds. A Horner-Wadsworth-Emmons
reaction using commercial reagents and alkene reduction affords 19 for further BODIPY
synthesis.

Figure 2.24. Wittig and reduction reactions to form 19 from commercial pyrrole-2carboxaldehyde.
We then further applied Krajcovicova et al.’s synthetic route to our probe design.73
Phosphorus(V) oxychloride is required to improve ketone electrophilicity for nucleophilic
attack by the 2-position of pyrrole 19. Trifluoroacetic acid is usually used in symmetric
BODIPY synthesis to protonate the aldehyde oxygen. Next, a dipyrromethene intermediate
is deprotonated with N,N-diisopropylethylamine then complexed with boron trifluoride
etherate. Insufficient yields of 20 (11%) result from low purity of starting pyrrole due to
rapid decomposition and difficult purification. An opaque dark green impurity coelutes in
column chromatography and has similar solubility in organic solvents.
To prepare for peptide coupling the acid 21 was synthesized (Figure 2.25). Another
synthetic difficulty in this route is hydrolyzing methyl ester 20 in good yield in an efficient
timeframe. Multiple groups72,73 report reaction times of >2 days for >80% yield for
compounds unsubstituted at the BODIPY’s meso-position. The first attempt at this reaction
yielded 68% overnight, but subsequent attempts required >3 days for sub-10% yields.
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Basic hydrolysis was attempted with aq. NaOH or aq. LiOH, but while these reagents
reduced the reaction time they increased byproduct formation. Acidic hydrolysis was
chosen for this synthetic route due to total recovery of starting material where the
hydrolysis was attempted again.

Figure 2.25. Synthesis of methyl ester BODIPY 20 and subsequent hydrolysis to yield
carboxylic acid BODIPY 21.
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Fortunately, adapting this new synthetic route created another convergent point: a
peptide coupling reaction between the carboxylic acid 21 and a secondary amine with one
hydrophilic and one hydrophobic substituent. This allows facile synthesis of derivatives
requiring only a secondary amine (primary has not yet been attempted).

2.2.3.1. SULFONATE PROBE
Our target design with the new synthetic route featured a sulfonate as the polar
group. The general pKa of carboxylic acids (pKa ≈ 4) is much higher than sulfonates (pKa
≈ –2)76. Sulfonates are commonly added to organic molecules to improve water solubility
or detergent-like properties.
To simplify the synthesis the sulfonic acid was protected due to its high polarity.
Pauff and Miller reported a trifluoracetic acid-labile sulfonate protecting group77; it was
attractive to us because it was not susceptible to nucleophilic attack and removal took place
in acidic conditions. Following the published procedure77 to prepare the sulfonate
protecting group (SPG), 4-(trifluoroacetyl)toluene 22 was quantitatively reduced to the
alcohol before nucleophilic substitution on 3-chloropropanesulfonyl chloride 24. A better
leaving group for the subsequent amine alkylation was needed, and the chloride was
replaced with iodide for 26 in 78% yield over 3 steps (Figure 2.26).
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Figure 2.26. Synthetic route followed for SPG by Pauff and Miller.77
Amine 27 constitutes as the fatty acid-like moiety of our sulfonate probe design
having both a hydrophobic alkyl chain and the SPG that would be deprotected at the final
step. A typical amine alkylation procedure was utilized to synthesize the secondary amine
27 (Figure 2.27). To promote monoalkylation up to 10.0 eq. of dodecylamine were used
which complicated the workup procedure. Dodecylamine is hygroscopic as a solid and
insoluble in many organic solvents. Additionally, an emulsion occurs upon aqueous
workup with base. A large excess of dichloromethane, brine, and time after inverting with
gentle mixing were required to form two distinguishable layers in the separatory funnel
and isolate the organics. A polar eluent (10% MeOH/DCM) and ninhydrin TLC stain for
visualization gave 84% yield of pure 27.
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Figure 2.27. Monoalkylation of alkyl halide 26 to form secondary amine 27.
To activate the carboxylic acid 21 for a peptide coupling reaction several reagents
were tested. A 1 M solution of HOAt in DMA with EDC•HCl returned 20-35% yields
(Figure 2.28), while HOBt and HATU failed to produce 28.

Figure 2.28. Peptide coupling reaction of carboxylic acid BODIPY 21 to secondary
amine 27.
The standard metalation procedure for the Michel Lab’s ethylene probes45 (Figure
2.29) is successful for the protected sulfonate BODIPY 28. 2nd generation Hoveyda-Grubbs
catalyst, copper(I) chloride, and 28 are stirred in dichloromethane for 40 min at 40 °C.
Purification of 29 requires a flash column and gives near quantitative yields.
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Figure 2.29. Metalation procedure adapted from Toussaint et al.45
Several groups report hydrolysis of the SPG in an aqueous solution of
trifluoroacetic acid.77–79 This procedure along with other attempts using dichloromethane
as a cosolvent were attempted for our compound 29, but successful deprotection to yield
probe 30 was never confirmed by NMR or LCMS (Figure 2.30). However, a caveat is
necessary: at the time of synthesis the yields of previous reactions were not yet optimized,
leaving sub-5 mg of material for each SPG removal attempt. Improved yields reported in
this thesis may improve monitoring of reaction progress and product characterization.

Figure 2.30. Unfinished hydrolytic deprotection of 29 to yield sulfonate probe 30.
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2.2.3.2. FINAL PROBE: FA-BEP-COOH
After failure to deprotect the sulfonate, we chose to reimplement a simpler
carboxylic acid group that would require milder deprotection conditions. The final probe
design became FA-BEP-COOH.

Figure 2.31. Structure of final probe FA-BEP-COOH.
For this iteration of secondary amine, dodecylamine was monoalkylated to yield
methyl ester 32. Using our previously established conditions, subsequent peptide coupling
then metalation of FA-B-COMe gave FA-BEP-COMe (Figure 2.32). This protected
derivative would serve as a comparison for our final probe (FA-BEP-COOH) which
incorporates a more polar carboxylic acid functional group.
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Figure 2.32. Synthesis of secondary amine 32 for peptide coupling and final metalation
to yield probe FA-BEP-COMe.
From FA-B-COMe, hydrolytic deprotection with acidic conditions was
inadequate. We then determined that sacrificing yield with more efficient basic hydrolysis
would be necessary. Several bases were assayed, but an aqueous lithium hydroxide solution
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in THF afforded FA-B-COOH in only two hours. A final metalation gave our probe FABEP-COOH (Figure 2.33).

Figure 2.33. Basic hydrolysis of FA-B-COMe for FA-B-COOH. Metalation forms FABEP-COOH.
Preliminary results from fluorimetry experiments in toluene reveal that FA-BEPCOMe has just an 8-fold maximum turn-on and reaches maximum fluorescence turn-on in
1.5 hours compared to BEP-4’s approximately 9 hours (Figure 2.34). Its quantum yield is
low (Φ = 0.05 vs. BEP-4’s Φ = 0.24) (Figure 2.35). Like FA-BEP-1010 it also does not
dissolve in aqueous buffer solutions or show fluorescence turn-on in liposomes upon
exposure to ethylene gas or other forms of ethylene (e.g. ethephon, allyl alcohol). This is
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presumably due to the lack of a polar ionic group which will continue to be investigated
by comparison studies with FA-BEP-COOH.

Figure 2.34. Fluorescence turn-on vs. time data of 1 µM FA-BEP-COMe in toluene
upon exposure to balloon of ethylene gas compared to a control.

Figure 2.35. Linear fit of quantum yield plot for FA-BEP-COMe in toluene.
Surprisingly, fluorescence in vitro experiments with FA-BEP-COOH suggest poor
aqueous solubility and possible aggregation of probe molecules. In toluene, a highly
nonpolar solvent, FA-BEP-COOH shows little fluorescence increase upon reaction with
ethylene (Figure 2.36) and again a low quantum yield (Φ = 0.08) (Figure 2.37). This
indicates that toluene may not be the optimal solvent in which to test our lipophilic probes,
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but preliminary experiments in ethanol, a more polar solvent, suggest probe aggregation or
BODIPY aggregation after reaction with ethylene.

Figure 2.36. Fluorescence turn-on vs. time data of 1 µM FA-BEP-COOH in toluene
upon exposure to balloon of ethylene gas compared to a control.

Figure 2.37. Linear fit of quantum yield plot for FA-BEP-COOH in toluene.

In further preliminary studies, A549 (human lung cancer) cells have been treated
with FA-BEP-COMe and FA-BEP-COOH and imaged with confocal microscopy.
Although we expected cell membrane localization, the probe may be localizing to other
membrane-rich regions (Figure 2.38). Colocalization studies with membrane dyes have yet
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to be completed to confirm this observation. Optimization is also underway for ethylene
addition to A549 cells to quantitate fluorescence turn-on response.

Figure 2.38. A549 cells incubated with FA-BEP-COMe treated with 1 mM ethephon.

2.3 FUTURE WORK
Although synthetic barriers hindered project designs, we successfully developed
ethylene probes with fatty acid-like properties for in vitro and in vivo evaluation.
Preliminary data shows that our probes may have less desirable photochemical properties
than BEP-4, but their activity in vivo has yet to be well studied. As other projects in the
Michel Lab are focused on changing structure to increase quantum yield among other
properties, these lipophilic probes may be most helpful in determining structural alterations
for subcellular localization.
There are a variety of reported BODIPY-based membrane probes which mimic
fatty acids (Figure 2.39).58,69,80,81 Their structures serve as inspiration for further
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development of our lipophilic ethylene probes. It is obvious that an ionizable group is
necessary to anchor our structures into the cell membrane and hinder them from passing
through to intracellular regions. However, our probes may be localizing to other
membrane-rich organelles inside of the cell which needs to be confirmed to further design
new probes.
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Figure 2.39. Reported membrane probes BODIPY FL C1658, C8BCOONa69, F2N12S80,
and BODIPY VoltageFluors81.
Due to the inherent hydrophobicity of our BODIPY and ethylene detection unit,
changing the carboxylate in FA-BEP-COOH to a more acidic sulfonate group may
increase water solubility and membrane localization. We are hopeful that successful
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deprotection of the SPG will lead to a better suited probe for its desired roles. Another
variable to explore for decreasing hydrophobicity is the alkylated amine carbon chain
length. Presumably, synthetic amenability of the carbon chain length should be
straightforward and likely easier than with dodecylamine due to its tendency to precipitate.

2.4 CONCLUSION
In this thesis we have reported advancements in the development of lipophilic
probes for cellular ethylene detection. Synthetic routes of BODIPY-based probes are
featured with multiple points of convergence and asymmetric novelty. As a result, four
new probes were synthesized which possess surfactant characteristics: a starting point for
improving ethylene detection through subcellular targeting alongside other ethylene probe
projects in the Michel Lab. Exploring SAR is crucial to improving molecular probes and
finally elucidating ethylene’s enigmatic role in mammalian biology.
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3. EXPERIMENTAL
GENERAL
All reactions using air- or moisture-sensitive reagents were done in oven-dried
glassware under a nitrogen atmosphere. When dry THF with n-butyllithium or dry Et2O
was used, solvent was distilled from the sodium benzophenone ketyl radical under nitrogen
atmosphere. Other dry solvents were obtained from an in-house Solvent Purification
System. Pyrroles (pyrrole and 2,4-dimethylpyrrole) were distilled from calcium hydride
under nitrogen atmosphere. Other reagents were used without additional purification unless
otherwise stated. Silica gel was used for flash column chromatography. 2nd Generation
Grubbs Catalysts, ethylene gas, and all other reagents were purchased from commercial
sources. 1H and 13C NMR spectra for characterization of new compounds were collected
in CDCl3 using residual solvent peaks as an internal standard (δH 7.26 ppm; δC 77.16 ppm)
at 25 °C at the NMR Facility at the University of Denver (500 MHz Bruker Avance III
Spectrometer). All chemical shifts are reported in parts per million (ppm). Splitting patterns
are indicated as follows: br, broad; s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet;
dd, doublet of doublets; dt, doublet of triplets. High resolution mass spectra analyses for
characterization of new compounds were collected at the University of Denver using a
Shimadzu LCMS-9030 Liquid Chromatograph ToF Mass Spectrometer.
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3.1 SYNTHESIS

2-decyl-1H-pyrrole (3):
Prepared by a modification to the reported procedure69:

Step A: Zinc metal (2.615 g, 40 mmol, 4.0 eq.) was activated by stirring the metal
with 2% aqueous hydrochloric acid solution (100 mL) for 5 minutes. The mixture was
filtered on a Büchner funnel and washed with DI water (20 mL), ethanol (20 mL), acetone
(20 mL), and diethyl ether (20 mL). To an oven-dried 100 mL RBF with stir bar was added
toluene (30 mL), pyrrole 2 (0.70 mL, 10 mmol, 1.0 eq.), activated zinc metal (2.615 g, 40
mmol, 4.0 eq.), and decanoyl chloride (3.0 mL, 15 mmol, 1.5 eq.). The reaction was stirred
overnight under a nitrogen atmosphere then filtered with Celite and rinsed with EtOAc.
Saturated NaHCO3 (30 mL) solution was added to the filtrate and the organics were
extracted with EtOAc (3 × 20 mL) then dried with Na2SO4 and concentrated in vacuo. The
residue was purified by flash chromatography (15%-20% EtOAc/Hexanes). Small
impurities were removed by washing with 1 M NaOH solution (10 mL) and extraction with
dichloromethane (3 × 10 mL). The organics were combined, dried with Na2SO4, and
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concentrated in vacuo to yield acylated pyrrole 3 as a red oil (689.4 mg, 3.1 mmol, 31%
yield).
Step B: 3 (593 mg, 2.70 mmol, 1.0 eq.) was dissolved in distilled 2-propanol (14
mL) in a dry 100 mL RBF with stir bar under nitrogen atmosphere. Sodium borohydride
(363.0 mg, 9.6 mmol, 3.6 eq.) was slowly added to the flask. The reaction was refluxed at
90 °C for 10 h, then poured into ice DI water (20 mL). An aqueous solution of 10%
hydrochloric acid (5 mL) was added to acidify the solution. The mixture was extracted with
dichloromethane (3 × 20 mL) and the combined organics were dried with Na2SO4 then
concentrated in vacuo. The residue was purified by flash chromatography (3%
MeOH/DCM), to give 4 as a red solid (0.435 g, 2.10 mmol, 78% yield). 1H NMR matched
the reported data.
3-isopropoxy-4-vinylbenzaldehyde (5):

Prepared by the reported procedure45.
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3,7-didecyl-5,5-difluoro-10-(3-isopropoxy-4-vinylphenyl)-5H-dipyrrolo[1,2-c:2',1'f][1,3,2]diazaborinin-4-ium-5-uide (6):

Prepared by a modification to the reported procedure45:
An oven-dried 250 mL RBF with stir bar was placed under nitrogen atmosphere.
Pyrrole 4 (0.435 g, 2.10 mmol, 2.25 eq.) and isopropoxystyrene aldehyde 5 (176.9 mg,
0.93 mmol, 1.0 eq.) were charged to the flask then dissolved with dry dichloromethane
(150 mL). Trifluoroacetic acid (1 drop) was added to the mixture. The reaction was
allowed to stir to RT for 16 h, then cooled to 0 °C. DDQ (211.11 mg, 0.93 mmol, 1.0 eq.)
was added to the RBF and stirred for 2 h while slowly warming to RT. The mixture was
cooled to 0 °C and triethylamine (1.77 mL, 12.7 mmol, 13.7 eq.) was added dropwise.
This was stirred for 2 min before slowly adding boron trifluoride etherate (1.74 mL, 14.1
mmol, 15.2 eq.) when the reaction was allowed to return to RT then stirred for 16 h.
Brine (50 mL) was added to the mixture which was then extracted with dichloromethane
(4 × 50 mL) and dried with Na2SO4. The crude product was purified by flash
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chromatography (20% DCM/hexanes) which gave BODIPY 6 as a red solid (43.7 mg,
0.07 mmol, 7% yield).
FA-BEP-1010:

Prepared by a modification to the reported procedure45:
To a 10 mL RBF with stir bar was added BODIPY 6 (22.98 mg, 0.036 mmol, 1.0
eq.), Grubbs 2nd generation catalyst (30.8 mg, 0.036 mmol, 1.0 eq.), copper(I) chloride (3.5
mg, 0.036 mmol, 1.0 eq.), and dichloromethane (1 mL). The RBF was fitted with a reflux
condenser and the mixture was heated to 40 °C while stirring for 40 min. The reaction was
cooled to RT. Hexanes (1 mL) was added and a white precipitate was observed. Then, the
suspension was filtered through cotton in a glass pipette. The product was purified by flash
chromatography (20% EtOAc/hexanes) to yield FA-BEP-1010 as a red solid (12.63 mg,
0.012 mmol, 32% yield).
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SIPr-FA-BEP-1010:

Prepared by a modification to the reported procedure45:
To a 10 mL RBF with stir bar was added 6 (22.67 mg, 0.036 mmol, 1.0 eq.), Grubbs
2nd generation SIPr catalyst (33.4 mg, 0.036 mmol, 1.0 eq.), copper(I) chloride (3.5 mg,
0.036 mmol, 1.0 eq.), and dichloromethane (1 mL). The RBF was fitted with a reflux
condenser and the mixture was heated to 40 °C while stirring for 40 min. The reaction was
cooled to RT. Hexanes (1 mL) were added and a white precipitate was observed. Then, the
suspension was filtered through cotton in a glass pipette. The product was purified by flash
chromatography (5%-20% Et2O/hexanes) to yield SIPr-FA-BEP-1010 as a red solid
(37.29 mg, 0.032 mmol, 88% yield).
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4-bromo-1-ethenyl-2-(1-methylethoxy)benzene (9):

Prepared by a modification to the reported procedure45:
Step A: 4-Bromo-2-hydroxybenzaldehyde 7 (10.6 g, 52.7 mmol, 1.0 eq.), isopropyl
iodide (7.9 mL, 79.0 mmol, 1.5 eq.), potassium carbonate (10.9 g, 79.0 mmol, 1.5 eq.), and
cesium carbonate (3.4 g, 10.5 mmol, 0.2 eq.) were added to DMF (130 mL) in a 500 mL
RBF with stir bar under a nitrogen atmosphere. The solution was stirred at RT for 16 h
until complete consumption of 7 by TLC. Approximately 90% of the DMF was evaporated
in vacuo and brine was added to the residue, which was extracted with EtOAc (3 × 50 mL).
The combined organic layers were dried with Na2SO4 and concentrated in vacuo to provide
transparent orange crystals. The crude solid 8 was carried forward without additional
purification.
Step B: The crude solid was added to a 500 mL RBF with stir bar, dissolved in
THF (150 mL), and methyltriphenylphosphonium bromide (28.2 g, 79.0 mmol, 1.5 eq.)
was added before cooling the solution to 0 °C. Next, potassium tert-butoxide (8.3 g, 73.4
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mmol, 1.4 eq.) was added. The reaction mixture was allowed to warm to RT with stirring
over 2 h. The THF was removed in vacuo. The crude product was dissolved in hexanes to
concentrate the residue onto silica and was purified by flash chromatography (100%
hexanes) which yielded 9 as a clear oil (9.8 g, 40.8 mmol, 77% yield over 2 steps). 1H
NMR matched the reported data.45
3-isopropoxy-4-vinylbenzoyl chloride (11):

Step A: An oven-dried 250 mL RBF with stir bar was placed under nitrogen
atmosphere. Isopropoxy styrene 9 (3.123 g, 12.95 mmol, 1.0 eq.) was added by syringe and
dissolved with dry THF (100 mL). The mixture was cooled to -78 °C. A 2.5 M solution of
n-butyllithium (6.22 mL, 15.15 mmol, 1.2 eq.) was added dropwise to the RBF and then
stirred at -78 °C for 30 min. The side-arm of a filter flask was fitted with tubing and a
needle. Dry ice (20 g) was placed inside and then the flask was fitted with a septum. The
dry ice was allowed to sublime at RT and bubble through the needle to quench the reaction
in the RBF. The mixture was allowed to stir to RT for 2 h. 1 M NaOH solution (10 mL)
was added to the RBF then stirred for 10 min. The mixture was added to a separatory funnel
and the aqueous layer was washed with diethyl ether (3 × 30 mL). Then, the aqueous layer
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was acidified to pH < 1 with 1 M HCl then extracted with diethyl ether (3 × 50 mL). The
organics were dried over Na2SO4 then concentrated in vacuo until white crystals formed.
The crude solid 10 was carried forward without additional purification.
Step B: The crude solid was added to a 100 mL RBF with stir bar and dissolved in
dichloromethane (40 mL) under a nitrogen atmosphere. Dry DMF (2 drops, 1 mol%) was
added by syringe. Then, the mixture was cooled to 0 °C. Oxalyl chloride (3.33 mL, 38.9
mmol, 3.0 eq.) was added dropwise. The reaction was allowed to warm to RT then stirred
for 16 h. The dichloromethane and oxalyl chloride were removed in vacuo, giving the crude
product as yellow crystals. The crude solid 11 was carried forward without additional
purification.
(3,5-dimethyl-1H-pyrrol-2-yl)(3-isopropoxy-4-vinylphenyl)methanone (13):

Prepared by a modification to the reported procedure71:
An oven-dried 25 mL RBF with stir bar was fitted with a reflux condenser and
placed under nitrogen atmosphere. Freshly distilled (from CaH2) 2,4-dimethylpyrrole 12
(0.20 mL, 1.9 mmol, 1.0 eq.) was added to the flask by syringe and dissolved in distilled
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diethyl ether (5 mL). A 3 M solution of methylmagnesium iodide solution in diethyl ether
(0.82 mL, 2.5 mmol, 1.2 eq.) was added dropwise at a rate to keep boiling to a minimum.
The solution was stirred and refluxed for 30 min then allowed cooled to RT over 10 min.
Acid chloride 11 (458 mg, 2.04 mmol, 1.0 eq.) was dissolved in distilled diethyl ether (5
mL) in a needle-vented RBF. This solution was added dropwise to the RBF containing the
pyrrole then stirred at RT for 16 h. Saturated NH4Cl solution (10 mL) was carefully added
to quench the reaction, and the mixture was extracted with dichloromethane (3 × 10 mL).
The combined organics were washed with DI H2O (2 × 10 mL) and dried over MgSO4.
The crude product was purified by flash chromatography using 12% EtOAc/hexanes as the
eluent, giving product 13 as a yellow solid (248 mg, 0.874 mmol, 47% yield).
1

H NMR (500 MHz, CDCl3) δ 10.07 (d, J = 7.1 Hz, 1H), 7.55 (d, J = 7.8 Hz, 1H), 7.24 –

7.17 (m, 2H), 7.11 (dd, J = 17.8, 11.2 Hz, 1H), 5.92 – 5.73 (m, 2H), 5.33 (dd, J = 11.1, 1.4
Hz, 1H), 4.61 (hept, J = 6.1 Hz, 1H), 2.30 (s, 3H), 2.00 (s, 3H), 1.37 (d, J = 6.1 Hz, 6H).
C NMR (126 MHz, CDCl3) δ 185.30, 155.01, 140.51, 136.22, 131.53, 130.78, 130.44,

13

127.85, 126.25, 120.89, 115.56, 113.80, 112.95, 71.03, 22.22, 14.18, 13.11.
HRMS: Calculated for C18H21NO2 [M+H]+ 284.16451, found: 284.16353.
methyl 3-(1H-pyrrol-2-yl)propanoate (19):
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Prepared by a modification to the reported procedure.73
5,5-difluoro-10-(3-isopropoxy-4-vinylphenyl)-7-(3-methoxy-3-oxopropyl)-1,3dimethyl-5H-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (20):

Prepared by a modification to the reported procedure73:
An oven-dried 250 mL RBF with stir bar was placed under nitrogen atmosphere.
Ketopyrrole 13 (1.52 g, 5.35 mmol, 1.1 eq.) was added by syringe then dissolved with dry
dichloromethane (36 mL). The mixture was cooled to 0 °C. Phosphoryl chloride (0.50 mL,
5.35 mmol, 1.1 eq.) was added dropwise. The reaction was allowed to stir to RT for 3 h,
then cooled again to 0 °C. Pyrrole 19 (746 mg, 4.87 mmol, 1.0 eq.) was added to the RBF
and stirred for 2 h to RT. The reaction was cooled to 0 °C before adding DIPEA (3.80 mL,
21.9 mmol, 4.5 eq.) dropwise. This was stirred for 20 min at 0 °C. Boron trifluoride etherate
(2.40 mL, 19.5 mmol, 4.0 eq.) was added and the reaction was allowed to return to RT then
stirred for 16 h. Dichloromethane (20 mL) and brine (20 mL) were added then the mixture
was filtered using Celite. Then, the organics were extracted with DCM (4 × 20 mL) and
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dried with MgSO4. The crude product was purified by flash chromatography (100% DCM)
which gave BODIPY 20 as a blue solid (247 mg, 0.530 mmol, 11% yield).
1

H NMR (500 MHz, CDCl3) δ 7.55 (d, J = 7.8 Hz, 1H), 7.16 – 7.00 (m, 1H), 6.93 – 6.76

(m, 2H), 6.43 (d, J = 4.1 Hz, 1H), 6.21 (d, J = 4.1 Hz, 1H), 6.09 (s, 1H), 5.83 (d, J = 16.3
Hz, 1H), 5.33 (d, J = 12.7 Hz, 1H), 4.52 (hept, J = 6.1 Hz, 1H), 3.69 (s, 3H), 3.32 (t, J =
7.6 Hz, 2H), 2.79 (t, J = 7.6 Hz, 2H), 2.60 (s, 3H), 1.61 (s, 3H), 1.39 – 1.31 (m, 6H).
C NMR (126 MHz, CDCl3) δ 173.12, 159.75, 156.53, 155.02, 145.27, 142.14, 135.00,
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134.44, 132.45, 131.40, 128.71, 128.51, 126.67, 122.54, 122.51, 121.22, 116.50, 115.33,
114.66, 71.11, 51.83, 33.44, 29.82, 24.06, 22.26, 22.19, 15.08, 15.06, 15.04, 14.95.
7-(2-carboxyethyl)-5,5-difluoro-10-(3-isopropoxy-4-vinylphenyl)-1,3-dimethyl-5Hdipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (21):

Prepared by a modification to the reported procedure73:
Methyl ester BODIPY 20 (8.26 mg, 0.02 mmol, 1.0 eq.) was dissolved in a 20 mL
scintillation vial with THF (3 mL). DI H2O (2 mL) then concentrated HCl (1 mL) were
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added dropwise. The vial was capped then the reaction was stirred until complete
consumption of 20 by TLC, approximately 48 h. The THF was removed in vacuo, then the
mixture was diluted with DI H2O and brine. The organics were extracted with DCM (5 mL
× 3) then dried with MgSO4. The product was purified by flash chromatography (100%
DCM then 1% AcOH/DCM) to give a bright red solid as acid BODIPY 21 (5.44 mg, 0.01
mmol, 68% yield).
1

H NMR (500 MHz, CDCl3) δ 7.56 (d, J = 7.8 Hz, 1H), 7.10 (dd, J = 17.8, 11.2 Hz, 1H),

6.93 – 6.76 (m, 2H), 6.44 (d, J = 4.1 Hz, 1H), 6.23 (d, J = 4.1 Hz, 1H), 6.09 (s, 1H), 5.91 –
5.77 (m, 1H), 5.34 (dd, J = 11.2, 1.4 Hz, 1H), 4.52 (hept, J = 6.0 Hz, 1H), 3.33 (t, J = 7.6
Hz, 2H), 2.85 (t, J = 7.5 Hz, 2H), 2.60 (s, 3H), 1.62 (s, 3H), 1.38 – 1.32 (m, 6H).
C NMR (126 MHz, CDCl3) δ 178.34, 159.97, 156.04, 155.05, 145.42, 142.22, 135.04,

13

134.44, 132.54, 131.42, 128.74, 128.49, 126.70, 122.62, 121.23, 116.48, 115.35, 114.67,
71.14, 33.27, 29.84, 23.74, 22.29, 22.22, 15.11, 14.99.
FA-B-COMe:

68

Prepared by a modification to the reported procedure82:
A 25 mL RBF with stir bar and 21 (61.3 mg, 0.14 mmol, 1.0 eq.) was fitted with a
reflux condenser and put under nitrogen atmosphere. Amine 32 (7.85 mg, 0.03 mmol, 1.2
eq.), dry DMF (8 mL), and a 1 M solution of HOAt in DMA (0.16 mL, 0.16 mmol, 1.2 eq.)
were added to the flask and this mixture was stirred for 30 min. EDC•HCl (36.4 mg, 0.19
mmol, 1.4 eq.) was added. The reaction was then heated at 80 °C and stirred for 16 h. After
cooling to RT, the mixture was diluted with EtOAc (15 mL) and transferred to a separatory
funnel. The organic layer was washed with 1 M HCl (15 mL), brine (15 mL), saturated
NaHCO3 solution (15 mL), and brine (15 mL) successively, then dried over Na2SO4. The
product was purified by flash chromatography (0%-25% EtOAc/hexanes) to afford FA-BCOMe as an orange solid (24.97 mg, 0.04 mmol, 26% yield).
1

H NMR (500 MHz, CDCl3) δ 7.54 (d, J = 7.8 Hz, 1H), 7.08 (dd, J = 17.8, 11.2 Hz, 1H),

6.91 – 6.78 (m, 2H), 6.43 (d, J = 4.3 Hz, 1H), 6.27 (d, J = 4.2 Hz, 1H), 6.07 (s, 1H), 5.82
(d, J = 17.7 Hz, 1H), 5.31 (d, J = 11.2 Hz, 1H), 4.50 (hept, J = 6.1 Hz, 1H), 4.07 (d, J =
14.2 Hz, 2H), 3.72 (d, J = 13.0 Hz, 3H), 3.44 – 3.23 (m, 4H), 2.91 – 2.64 (m, 2H), 2.58 (s,
3H), 1.60 (s, 3H), 1.56 – 1.42 (m, 2H), 1.41 – 1.15 (m, 24H), 0.86 (t, J = 6.7 Hz, 3H).
C NMR (126 MHz, CDCl3) δ 172.42, 172.15, 170.14, 169.17, 163.19, 159.07, 158.02,
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155.03, 144.83, 142.02, 135.05, 134.53, 134.50, 132.21, 131.42, 128.82, 128.71, 126.65,
122.27, 121.26, 121.24, 117.70, 115.30, 114.73, 114.71, 71.13, 52.49, 52.38, 52.16, 49.76,
49.43, 48.45, 47.87, 47.71, 43.86, 32.79, 32.04, 29.83, 29.75, 29.72, 29.70, 29.68, 29.65,
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29.62, 29.55, 29.52, 29.46, 29.30, 28.93, 28.38, 27.62, 27.06, 26.88, 26.58, 24.59, 22.81,
22.27, 22.21, 15.02, 14.93, 14.23.
HRMS: Calculated for C40H56BF2N3O4 [M+Na]+ 714.42241, found: 714.41595
FA-B-COOH:

FA-B-COMe (20.79 mg, 0.03 mmol, 1.0 eq.) was added to a 10 mL RBF with stir
bar under nitrogen atmosphere then dissolved with THF (1.62 mL) and DI H2O (1.62 mL).
A solution of aq. LiOH (0.18 mmol, 6.0 eq.) was added dropwise. The mixture was stirred
for 2 h at RT. The THF was removed in vacuo and the crude product was diluted with
hexanes (5 mL). The organics were extracted with hexanes (5 mL × 4) and dried with
Na2SO4. The product was purified with flash chromatography (100% DCM → 2%
MeOH/DCM → 1% AcOH/2% MeOH/DCM) to give a red-orange film as FA-B-COOH
(5.06 mg, 0.007 mmol, 25% yield).
1

H NMR (500 MHz, CDCl3) δ 7.48 (d, J = 7.9 Hz, 1H), 7.02 (dd, J = 17.8, 11.2 Hz, 1H),

6.85 – 6.71 (m, 2H), 6.36 (s, 1H), 6.19 (s, 1H), 6.01 (s, 1H), 5.76 (d, J = 17.9 Hz, 1H), 5.26
(d, J = 11.3 Hz, 1H), 4.44 (dt, J = 12.1, 6.0 Hz, 1H), 4.00 (s, 2H), 3.38 – 3.15 (m, 4H), 2.88
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– 2.42 (m, 5H), 1.54 (s, 3H), 1.49 – 1.37 (m, 3H), 1.35 – 1.04 (m, 27H), 0.80 (t, J = 6.9 Hz,
4H).
C NMR (126 MHz, CDCl3) δ 173.62, 159.19, 157.24, 154.91, 144.90, 141.98, 134.93,
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134.33, 132.18, 131.28, 128.66, 128.63, 126.55, 122.26, 121.13, 117.54, 115.21, 114.59,
71.02, 49.85, 32.76, 31.92, 29.71, 29.67, 29.63, 29.58, 29.56, 29.44, 29.37, 29.34, 28.74,
26.95, 26.69, 24.51, 22.69, 22.15, 22.08, 14.91, 14.83, 14.12.
HRMS: Calculated for C39H54BF2N3O4 [M+Na]+ 700.40676, found: 700.40026
FA-BEP-COMe:

Prepared by a modification to the reported procedure45:
To a 10 mL RBF with stir bar was added 33 (12.4 mg, 0.018 mmol, 1.0 eq.), Grubbs
2nd generation catalyst (15.2 mg, 0.018 mmol, 1.0 eq.), copper(I) chloride (1.8 mg, 0.018
mmol, 1.0 eq.), and dichloromethane (1.5 mL). The RBF was fitted with a reflux condenser
and the mixture was heated to 40 °C while stirring for 40 min. The reaction was cooled to
RT. Hexanes (1.5 mL) were added and a white precipitate was observed. Then, the
suspension was filtered through cotton in a glass pipette. The product was purified by flash
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chromatography (20-40% EtOAc/hexanes) to afford FA-BEP-COMe as a red solid (19.38
mg, 0.017 mmol, 93% yield).
1

H and HSQC NMR in Appendix. Integrations do not align with molecule due to low

resolution.

FA-BEP-COOH:

Prepared by a modification to the reported procedure45:
To a 10 mL RBF with stir bar was added FA-B-COOH (23.95 mg, 0.035 mmol,
1.0 eq.), Grubbs 2nd generation catalyst (30.00 mg, 0.035 mmol, 1.0 eq.), copper(I) chloride
(4.0 mg, 0.035 mmol, 1.0 eq.), and dichloromethane (1.5 mL). The RBF was fitted with a
reflux condenser and the mixture was heated to 40 °C while stirring for 40 min. The
reaction was cooled to RT. Hexanes (2 mL) were added and a white precipitate was
observed. Then, the suspension was filtered through cotton in a glass pipette. The product
was purified by recrystallization with DCM/hexanes to yield FA-BEP-COOH as an
orange-brown solid.
1

H NMR in Appendix. Integrations do not align with molecule due to low resolution.
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methyl 2-(dodecylamino)acetate (32):

To a 25 mL RBF with stir bar was added dodecylamine (2.32 g, 12.5 mmol, 2.5
eq.) and THF (5 mL) and then put under nitrogen atmosphere. The mixture was cooled to
0 °C. Methyl bromoacetate 31 (0.47 mL, 5.0 mmol, 1.0 eq.) was charged to the RBF. The
reaction was stirred for 3 h. THF was removed in vacuo, then the residue was dissolved in
saturated NaHCO3 solution (5 mL). Brine (20 mL) was added and the organics were
extracted with DCM (10 mL × 3) and dried over Na2SO4. The methyl ester 32 was purified
by flash chromatography (10% MeOH/DCM) to give a fluffy white powder.
1

H NMR (500 MHz, CDCl3) δ 9.88 (s, 2H), 3.93 – 3.77 (m, 5H), 3.17 – 3.01 (m, 2H), 2.00

– 1.85 (m, 2H), 1.47 – 1.17 (m, 19H), 0.90 (t, J = 6.9 Hz, 3H).
C NMR (126 MHz, CDCl3) δ 166.52, 53.17, 48.25, 47.13, 47.10, 32.05, 29.76, 29.68,

13

29.61, 29.48, 29.23, 26.89, 26.06, 22.82, 14.25.
HRMS: Calculated for C15H31NO2 [M+H]+ 258.24276; found: 258.24160.5
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2,2,2-trifluoro-1-(p-tolyl)ethyl 3-iodopropane-1-sulfonate (26):

Prepared by the reported procedure83.

2,2,2-trifluoro-1-(p-tolyl)ethyl 3-(dodecylamino)propane-1-sulfonate (27):
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To a 25 mL RBF with stir bar was added dodecylamine (352 mg, 1.9 mmol, 10.0
eq.) which was dissolved with THF (2 mL). The mixture was cooled to 0 °C. 26 (79.4 mg,
0.19 mmol, 1.0 eq.) was charged to the RBF and the reaction was stirred overnight. The
THF was removed in vacuo, then the residue was dissolved with saturated NaHCO3
solution (10 mL). Brine (50 mL) was added to the suspension and the organics were
extracted with DCM (50 mL × 4). The DCM was removed in vacuo, and the residue was
dissolved with 1 M HCl (10 mL). Brine (50 mL) was added to the suspension and the
organics were extracted with DCM (50 mL × 4) and dried over Na2SO4. DCM was removed
in vacuo. The product was purified by flash chromatography (10% MeOH/DCM) then
placed on high vacuum for 16 h, affording 27 a white solid (76.57 mg, 0.16 mmol, 84%
yield).
1

H NMR (500 MHz, CDCl3) δ 9.56 (s, 2H), 7.40 (d, J = 7.8 Hz, 2H), 7.24 (d, 2H), 5.84 (q,

J = 6.3 Hz, 1H), 3.35 (qt, J = 14.4, 7.0 Hz, 2H), 3.05 (hept, J = 6.3 Hz, 2H), 2.90 – 2.83 (m,
2H), 2.47 – 2.33 (m, 5H), 1.87 – 1.78 (m, 2H), 1.37 – 1.27 (m, 8H), 1.25 (m, J = 3.6 Hz,
13H), 0.88 (t, J = 6.8 Hz, 3H).
C NMR (126 MHz, CDCl3) δ 141.24, 129.95, 128.29, 126.83, 49.32, 48.09, 45.45, 32.06,

13

29.77, 29.69, 29.62, 29.49, 29.21, 26.92, 26.01, 22.83, 21.48, 20.38, 14.25.
HRMS: Calculated for C24H40F3NO3S [M+H]+ 480.27538, found: 480.27301.
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7-(3-(dodecyl(3-((2,2,2-trifluoro-1-(p-tolyl)ethoxy)sulfonyl)propyl)amino)-3oxopropyl)-5,5-difluoro-10-(3-isopropoxy-4-vinylphenyl)-1,3-dimethyl-5Hdipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (28):

Prepared by a modification to the reported procedure82:
To a 25 mL RBF with stir bar under nitrogen atmosphere was added anhydrous
DMF (2 mL), 21 (35.46 mg, 0.08 mmol, 1.0 eq.), and 27 (45.10 mg, 0.094 mmol, 1.2 eq.).
A 1 M solution of HOAt in DMA (0.10 mL, 0.094 mmol, 1.2 eq.) was added, then the
mixture was stirred at RT for 30 min. EDC•HCl (21.10 mg, 0.11 mmol, 1.4 eq.) was added
to the RBF and the reaction was stirred at 80 °C for 16 h. After cooling to RT, the residue
was dissolved with EtOAc (20 mL). The organic layer was washed with 1 M HCl (10 mL),
brine (10 mL), saturated NaHCO3 solution (10 mL), and brine (10 mL) successively, then
dried over Na2SO4. The product was purified by flash chromatography (Et2O/hexanes) to
give 28 as a pink solid (25.90 mg, 0.028 mmol, 35% yield).
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1

H NMR (500 MHz, CDCl3) δ 7.55 (d, J = 7.8 Hz, 1H), 7.36 (dd, J = 8.2, 2.7 Hz, 2H), 7.25

– 7.18 (m, 2H), 7.09 (dd, J = 17.9, 11.3 Hz, 1H), 6.90 – 6.79 (m, 2H), 6.44 (d, J = 4.0 Hz,
1H), 6.22 (d, J = 4.1 Hz, 1H), 6.09 (s, 1H), 5.83 (d, J = 17.9 Hz, 1H), 5.68 (h, 1H), 5.33 (d,
J = 12.7 Hz, 1H), 4.51 (p, J = 6.1 Hz, 1H), 3.41 – 2.97 (m, 9H), 2.79 – 2.71 (m, 1H), 2.60
(s, 3H), 2.38 (s, 3H), 2.03 – 1.91 (m, 2H), 1.61 (s, 3H), 1.50 – 1.39 (m, 2H), 1.36 – 1.17
(m, 29H), 0.87 (t, 4H).
C NMR (126 MHz, CDCl3) δ 172.13, 159.19, 157.47, 154.93, 144.96, 142.02, 141.01,

13

134.30, 132.20, 131.29, 129.77, 128.63, 128.08, 126.87, 126.55, 122.28, 121.12, 117.48,
115.21, 114.56, 77.95, 71.01, 50.17, 48.16, 43.82, 32.89, 31.92, 29.70, 29.63, 29.59, 29.56,
29.39, 29.33, 29.15, 27.03, 26.80, 24.71, 22.97, 22.68, 22.14, 22.06, 21.33, 14.92, 14.83,
14.11.
HRMS: Calculated for C49H65BF5N3O5S [M+Na]+ 936.45504; found: 936.45504

29:

Prepared by a modification to the reported procedure45:
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To a 10 mL RBF with stir bar was added 28 (25.90 mg, 0.03 mmol, 1.0 eq.), Grubbs
2nd generation catalyst (24.1 mg, 0.03 mmol, 1.0 eq.), copper(I) chloride (3 mg, 0.03 mmol,
1.0 eq.), and dichloromethane (1.5 mL). The RBF was fitted with a reflux condenser and
the mixture was heated to 40 °C while stirring for 40 min. The reaction was cooled to RT.
Hexanes (1.5 mL) were added and a white precipitate was observed. Then, the suspension
was filtered through cotton in a glass pipette. The product was purified by flash
chromatography (EtOAc/hexanes) to give a red solid as probe 29 (26.39 mg, 0.019 mmol,
64% yield).
HRMS: Calculated for C69H89BCl2F5N5O5RuS [M-Cl+ACN]+ 1383.55951, found:
1383.55852.

3.2 FLUORIMETRY
Fluorescence and absorption measurements were taken using sample in 1 cm × 1
cm quartz cuvettes (Starna). Fluorescence spectra were obtained using a Cary Eclipse
Fluorescence Spectrophotometer (Varian). The excitation wavelength was fixed at 485 nm
and emission was observed from 500-630 nm. UV-Vis spectra were acquired using a Cary
Bio100 UV Spectrophotometer (Varian).

TIME TO MAX
Two 1.0 µM solutions of probe in solvent were prepared in a cuvette from a 1 mM
stock solution. A t = 0 min fluorescence emission spectrum was acquired for each and
immediately after the headspace of the “ethylene” sample was flushed with ethylene gas
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from a balloon. The balloon was left on the cuvette for the remainder of the experiment.
Turn-on values were normalized according to the respective t = 0 min spectrum. Each
probe’s experiment was run in triplicate.
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QUANTUM YIELD
Quantum yields were determined according to the literature procedure84 using
fluorescein as the standard. Absorption and emission spectra were obtained over a range of
concentrations (0.100 µM to 1.00 µM) in solvent where a linear correlation between
concentration and absorption was observed and the absorbance was within 0.01 to 0.1 A.U.
The quantum yield was calculated according to the equation:
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CONFOCAL MICROSCOPY
Confocal fluorescence experiments at the University of Denver (A549 cells) were
performed with a Fluoview 3000 microscope with a 40x objective using the FV31S-SW
confocal control software. Imaging analysis and quantification were performed using Fiji
software (NIH).

CELL CULTURES
A549 cells (human lung cancer) were cultured until ~80% confluent. To prepare
for microscopy experiments, the cell growth media (DMEM) was removed from the cells
and the cells were washed with 37 °C HEPES (pH 7.4) or 37 °C DPBS (pH 7.4) buffer
(imaging buffer). The cells were treated with 2 µM probe solutions in imaging buffer and
was allowed to incubate protected from light for 15 or 30 min. The buffer was drawn up
and replaced with imaging buffer for the control samples or imaging buffer with ethephon
((2-chloroethyl)phosphonic acid 40% wt solution) for the ethylene samples. For
quantification of fluorescence intensity, three fields of cells within the same well were
imaged, and each experiment was repeated at least in triplicate.
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